The present study has examined the short-and long-term effects of growth hormone (GH) treatment on the leptin system and energy expenditure. Thirty male individuals with abdominal obesity were randomised to GH or placebo treatment in a 9-month, double-blind study. The dose of GH was 9.5 mg/kg, administered subcutaneously every evening. Serum leptin concentrations were measured by a human leptin RIA. Total RNAwas isolated from adipose tissue biopsies and leptin mRNA levels were determined by a semi-quantitative reverse transcriptase-PCR assay. Body composition was determined by potassium-40 and the basal metabolic rate (BMR) was measured by a computerised, ventilated, open-hood system.
Introduction
Leptin, the protein product of the ob gene (1) , is produced by adipocytes and thought to play a critical role in the regulation of body fat (BF) stores. Serum leptin concentrations are positively correlated to the amount of BF (2, 3) and it has been suggested that leptin acts in an endocrine fashion by reporting the size of adipose tissue mass to hypothalamic centres (4, 5) . Furthermore, weight loss, as an effect of dieting, has been found to decrease serum leptin concentrations (6, 7) and resting energy expenditure (6) in obese women. Sustained weight loss leads to a decrease in plasma leptin concentrations adjusted for BF in obese women but not in women of normal weight (6) . It has been suggested that the decrease in leptin concentrations after weight loss could contribute to the strong tendency for weight regain after successful dieting (6) .
Obesity is associated with disturbances in the growth hormone (GH)/insulin-like growth factor-I (IGF-I) axis and spontaneous GH secretion is decreased in obese subjects (8) . GH treatment increases energy expenditure (EE) in man (9, 10) and promotes BF loss in both man and rodents (11, 12) . Recent reports also indicate an interaction between the GH system and the leptin system (13) (14) (15) . However, the results of studies on the effect of GH on serum leptin levels are conflicting and both a decrease (13) and an increase (14) in serum leptin concentrations have been reported during GH treatment in man.
The aims of the present study were to examine the effects of short-and long-term GH treatment on the leptin system and on EE in men with abdominal obesity.
Subjects and methods

Study subjects
The subjects of this study were 30 males with abdominal obesity (48 to 66 years of age). The effects of 9 months of treatment with GH on body composition, blood pressure, lipid and glucose metabolism have previously been reported for these subjects (11) . The 9 months of treatment with GH decreased total BF by 9.2 Ϯ 2.4% (P ¼ 0.03) compared with placebo treatment. In the present study the effects of GH treatment on the leptin system and EE are reported.
The subjects were recruited by advertisements in a local newspaper. The criteria for inclusion were age approximately between 50 and 65 years, body mass index (BMI) between 25 and 35 kg/m 2 , serum IGF-I concentration below 160 mg/l (low to normal) and a waist:hip ratio of more than 0.95. The criteria for exclusion were overt diabetes mellitus, previous cardiovascular event or heart disease.
In the GH-treated group, two patients were receiving treatment for hypertension with both atenolol (100 mg/ day) and nifedipine (40 mg/day) and one patient was treated with salmeterol and terbutaline inhalations due to mild asthma. In the placebo-treated group, one patient was receiving paroxetin (10 mg/day) due to a depressive tendency. All medication was kept stable during the study period.
Study design
This study was designed as a 9-month, randomised, double-blind and placebo-controlled study of the administration of GH. The patients were studied as outpatients. Informed consent was obtained from each patient before the study. The study was approved by the Ethics Committee at the University of Göteborg and by the Swedish Medical Products Agency, Uppsala, Sweden.
Treatment
The dose of GH was 9.5 mg/kg administered as a subcutaneous injection before bedtime (0.20 IU/kg body weight/week). Due to peripheral oedema and arthralgia the dose was reduced by half in four subjects. For more details on side-effects, see reference 11. One subject in the GH-treated group was taken off treatment at 8 months after he had experienced an intracerebral haemorrhage. The placebo vials contained the same vehicle as the GH vials and the two preparations were visually indistinguishable. Compliance was assessed by counting the returned empty vials.
Calorimetric methods
Basal metabolic rate (BMR) was determined by indirect calorimetry in a computerised, ventilated, openhood system (Deltatrac, Datex Instrumentarium Corp., Helsinki, Finland). The examinations were performed according to standardised conditions in the morning after an overnight fast and after a 30 min rest on the bed used for the examinations. Respiratory data were then collected every minute for 30 min. BMR was calculated as the mean EE over the 30 min and expressed as kcal·24 h ¹1 . The mathematical procedures followed those described by Ferrannini (16) . The protein oxidation was calculated from urinary nitrogen excretion over 24 h and the carbohydrate and lipid oxidations were calculated from non-protein RQ. The O 2 and CO 2 analysers were calibrated before and after each experiment by using O 2 /CO 2 mixtures of known composition. The overall standard error of a single determination was 4% (9) . The technical error of the system, checked at intervals by ethanol combustion experiments, was about 3% (9) . Reference values for BMR taking account of sex, age, height and weight were obtained from the equations suggested by Schofield (17) . The dietary intake was analysed before the initiation of the study using a previously validated dietary questionnaire (18) . The study subjects had a daily total energy intake of 2235 Ϯ 654 kcal (mean Ϯ S.D.) (protein 84 Ϯ 21 g, fat 92 Ϯ 36 g, carbohydrate 231 Ϯ 68 g) and they were instructed to maintain their usual diet over the study period.
Body composition
Body weight was measured with the patients dressed in underwear and was determined to the nearest 0.1 kg on a calibrated scale (Sartorius 300-F). Body height was measured to the nearest 0.01 m in the standing position. BMI was calculated as body weight divided by height 2 . Waist and hip circumferences were measured using a non-elastic tape with the subjects standing, according to standardised procedures.
Total body potassium was measured by counting the emission of 1.46 MeV gamma radiation from the naturally occurring 40 K isotope in a high-sensitive 3p whole-body counter with a coefficient of variation (C.V.) of 2.2%. Fat free mass (FFM) was estimated by assuming a potassium content of 64.7 mmol/kg FFM and BF was calculated as body weight minus FFM (19) .
RNA isolation and cDNA synthesis
Adipose tissue, approximately 200 mg, was obtained by needle biopsies of abdominal subcutaneous fat. The biopsies were immediately frozen in liquid nitrogen and stored at ¹80 ЊC until analysis. Total RNA was isolated from the adipose tissue biopsies essentially as described by Chomczynski & Sacchi (20) , with the following modifications: during the extraction chloroform was increased to a ratio of 1:2 chloroform:phenol and an additional ethanol precipitation was included. Firststrand cDNA was generated from 1 mg denatured RNA (2 min at 85 ЊC) in 1 × reverse transcriptase buffer (50 mmol/l Tris-HCl, pH 8.3, 50 mmol/l KCl, 10 mmol/l MgCl 2 , 10 mmol/l dithiothreitol, 0.5 mmol/l spermidine), 20 U AMV reverse transcriptase (Promega, Madison, WI, USA), 20 U RNAsin (Promega), 0.5 mg random hexamers (Boehringer Mannheim, Mannheim, Germany) and 5 mmol/l deoxynucleotides (dNTP) (Boehringer Mannheim) in a final volume of 25 ml (5 min at 22 ЊC, 50 min at 42 ЊC and 4 min at 72 ЊC).
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Analysis of leptin mRNA levels
The method for determining leptin mRNA levels by a semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) assay has previously been described (21) . In short, aliquots from the same cDNA preparation were used as templates in two separate PCRs using biotinylated primers (10 pmol each) specific for leptin cDNA or b-actin cDNA respectively. PCR was carried out in 1 × PCR buffer with 0.2 mmol/l dNTP, 2.5 U Taq polymerase (Boehringer Mannheim) and 2.5 mCi [ 33 P]dATP (Amersham International, Little Chalfont, Bucks, UK) in a final volume of 50 ml using a GeneAmp PCR system 9600 (Perkin Elmer Cetus, Norwalk, CT, USA). Negative controls were included to verify the lack of contamination. Aliquots from each PCR were dispensed into streptavidin-coated microtitre plates (Streptavidin Covalent Strips, Wallac Oy, Turku, Finland) and counted in a micro-liquid scintillation counter (Wallac Oy). Leptin mRNA levels were estimated by calculating the ratio between the radioactivity in samples amplified with primers specific for leptin and b-actin cDNA respectively.
Biochemical analysis
Blood samples were drawn in the morning after an overnight fast.
Serum leptin concentrations were determined in duplicate by a human leptin RIA (Linco Research, Inc., St Charles, MO, USA). The limit of sensitivity for the assay was 0.5 mg/l. The intra-assay C.V. was 6.3% at a leptin concentration of 15.6 mg/l. The interassay coefficients of variation were 8.8% and 5.2% at serum leptin concentrations of 2.9 mg/l and 15.0 mg/l respectively.
Serum IGF-I concentrations were determined by a hydrochloric acid-ethanol extraction RIA (Nichols Institute Diagnostics, San Juan Capistrano, CA, USA).
Serum free thyroxine (free T 4 ) and free 3,5,3 0 -triiodothyronine (free T 3 ) concentrations were analysed using ligand analogue RIAs (Amerlex-M, Amersham International).
Urinary nitrogen excretion was determined by chemiluminescence (Anteck Instruments, Houston, TX, USA).
Statistical methods
All the analyses were performed according to the principle of intention-to-treat. Descriptive statistical results are presented in the tables as the means and standard errors of the mean (S.E.M.). A two-stage method was used to test the overall effect of treatment. First, repeated measurements from each patient were reduced to one summary variable, reflecting the individual response to treatment. In the present study, the area under the curve (AUC) was used as the summary variable (i.e. increase or decrease from baseline levels). Secondly, the effect of treatment (AUC) was analysed using Student's t-test between treatment groups and, when appropriate, with the elimination of the influence of the pre-treatment level using Mantels test. Delta values were compared using Student's t-test between groups. Pearson's correlation coefficients were calculated between variables of interest. Multivariate analyses were performed using multiple regression analysis. Multiple R 2 values were adjusted for degrees of freedom and expressed as a percentage. A P value of less than 0.05 was considered significant.
Results
Leptin
As compared with placebo, GH treatment resulted in an overall reduction of serum leptin concentrations (AUC, P < 0.05) (Fig. 1A ) but no change in leptin mRNA levels (leptin mRNA/actin mRNA) ( Table 1 ). The change in serum leptin concentrations adjusted for BF (leptin/BF) failed to reach statistical significance (AUC, P < 0.10)
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Figure 1
The effects of 9 months of treatment with GH on serum (S) leptin concentrations (A) and serum leptin/BF ratio (B) in abdominally obese male subjects. (GH treatment, B; placebo, W). The P value denotes differences in terms of AUC in the two treatment groups over 9 months. (Fig. 1B) in the GH-treated group compared with the controls.
The overall GH-induced change (D) in serum leptin concentrations was due to a marked reduction at 6 weeks (D 0-6 weeks, GH: ¹2.36 Ϯ 0.59 vs placebo: 0.70 Ϯ 0.79 mg·l ¹1 ; P < 0.01). After 9 months, no difference in the effect on serum leptin concentrations (D 0-9 months, GH: ¹0.73 Ϯ 0.96 vs placebo: 1.09 Ϯ 0.73 mg·l ¹1 ; NS) (Fig. 1A) or leptin/BF (D 0-9 months, GH: 0.02 Ϯ 0.03 vs placebo: 0.02 Ϯ 0.02 mg·l ¹1 ·kg ¹1 ; not significant (NS)) (Fig. 1B) could be demonstrated between the two treatment groups.
Energy expenditure
Analysed over the total period of 9 months, BMR was increased by GH as compared with placebo (AUC, P < 0.05) ( Table 2 ). The overall effect was explained by a GH-induced increase in BMR between 0 and 6 weeks (D 0-6 weeks, GH: 159 Ϯ 34 vs placebo: ¹0.3 Ϯ 34 kcal·24 h ¹1 ; P < 0.01) ( Table 2) . A similar increase after 6 weeks was found in BMR adjusted for FFM (D 0-6 weeks, GH: 1.3 Ϯ 0.4 vs placebo: ¹0.3 Ϯ 0.5 kcal·24 h ¹1 ·kg ¹1 ; P < 0.05). After 9 months, BMR (D 0-9 months, GH: 31 Ϯ 53 vs placebo: ¹12 Ϯ 42 kcal·24 h ¹1 ; NS) and BMR adjusted for FFM (D 0-9 months, GH: ¹0.4 Ϯ 0.7 vs placebo: ¹0.4 Ϯ 0.6 kcal·24 h ¹1 ·kg ¹1 ; NS) were similar in the two treatment groups.
Lipid oxidation was increased by GH (AUC P<0.01) and this was mainly due to a transient GH-induced increase at 6 weeks (D 0-6 weeks, GH: 20.5 Ϯ 9.5 vs placebo: ¹16.6 Ϯ 5.2 mg·min ¹1 ; P < 0.01) ( Table 2) .
IGF-I and thyroid hormones
Serum IGF-I concentrations and the free T 3 /free T 4 ratio increased during GH treatment compared with placebo (IGF-I AUC, P < 0.001; free T 3 /free T 4 AUC, P < 0.01) ( Table 1) . After 9 months, the mean serum IGF-I EUROPEAN JOURNAL OF ENDOCRINOLOGY (1998) 138 concentrations had approximately doubled in the GHtreated group (Table 1) . The overall increase in the free T 3 /free T 4 ratio was due to an increase at 6 weeks (D 0-6 weeks, GH: 0.09 Ϯ 0.02 vs placebo: 0.00 Ϯ 0.01; P < 0.001), but no effect could be demonstrated after 9 months (D 0-9 months, GH: 0.01 Ϯ 0.02 vs placebo: 0.02 Ϯ 0.01; NS).
Correlations within the GH-treated group
The increase in BMR between baseline and 6 weeks was positively correlated to the increase in serum IGF-I concentrations, the free T 3 /free T 4 ratio and FFM but not to changes in serum leptin concentrations (Table 3) . No correlation was found between changes in serum leptin concentrations between baseline and 6 weeks and changes in body composition, serum IGF-I or thyroid hormone concentrations (not shown) during the same time period. The decrease in BMR between 6 weeks and 9 months was positively correlated to changes in serum leptin concentrations and tended to be positively correlated to the decrease in the free T 3 /free T 4 ratio (Table 3) .
In multiple regression analysis between baseline and 6 weeks of treatment, the change in FFM was no longer a predictor of the increase in BMR, while the increase in serum IGF-I concentrations (P ¼ 0.042) and the free T 3 / free T 4 ratio (P ¼ 0.040) remained significantly correlated to the increase in BMR (not shown). Multiple regression analysis of the decrease in BMR between 6 weeks and 9 months of treatment revealed that the decrease was positively related to the decrease in the free T 3 /free T 4 ratio and also positively related to changes in serum leptin concentrations when adjusted for changes in body composition (Table 4) . A large reduction in BMR was therefore associated with a large reduction in free T 3 /free T 4 and a small increase in serum leptin concentrations. Conversely, a large increase in serum leptin concentrations was associated with a smaller reduction in BMR.
Discussion
The present study has examined the effects of 9 months of GH treatment on body composition in relation to serum leptin concentrations and EE in male subjects with abdominal obesity and low serum IGF-I concentrations. During the first 6 weeks of treatment, marked increases were observed in EE, lipid oxidation and the free T 3 /free T 4 ratio combined with a high rate of BF loss. During this initial period serum leptin concentrations decreased. At the end of the 9 months study period BF mass had settled at a significantly lower level, while BMR, the free T 3 /free T 4 ratio and serum leptin concentrations were restored to pre-treatment levels. These findings indicate that GH treatment induces a sustained decrease in BF stores by inducing a new energy balance steady state, possibly mediated by effects on EE and serum concentrations of leptin and thyroid hormones.
GH increases EE in man (9, 10) and it has been suggested that this is a direct effect of GH, but changes in other factors, such as thyroid hormones, may be of importance (10) . In the present study, BMR and BMR adjusted for FFM increased after 6 weeks of GH treatment. The increase in BMR at 6 weeks was correlated to the increase in serum IGF-I concentrations and to the increase in free T 3 /free T 4 ratio. Leptin increases EE in rodents (4, 22, 23) , but this has not yet been demonstrated in man. The interaction between leptin and GH is complex. In addition to the effect of GH on BF mass, it is well known that nutritional status influences GH secretion. In humans, starvation leads to increased GH secretion (24) and obesity is associated with reduced GH secretion (8) . In contrast, starvation leads to decreased GH secretion in rodents and leptin appears to be an important mediator of this effect, as administration of recombinant leptin to rodents during starvation normalises GH pulsatility (15) .
During the first 6 weeks of GH treatment, serum leptin concentrations decreased and this is in agreement Table 3 Pearson's correlation coefficients between changes in BMR (DBMR) and changes (K) in body composition (body fat (BF) and fat free mass (FFM)), serum IGF-I concentrations, the free T 3 /free T 4 ratio (FT 3 =FT 4 ) and serum leptin concentrations between baseline and 6 weeks (0-6 weeks) and between 6 weeks and 9 months in the GH-treated group. with a recent study of adults with GH deficiency treated with GH for 3 months (13) . In contrast, when GH was given in combination with dexamethasone for 7 days, leptin levels increased (14) . The differences in the effects of GH on serum leptin concentrations may be due to differences between the study groups, the treatment periods or the co-administration of dexamethasone. Under steady state conditions leptin levels are positively correlated to BF mass and appear to reflect adipocyte triglyceride stores. However, during rapid changes in nutritional status, such as starvation, the correlation is impaired and other factors including glucocorticoids, cytokines, insulin, beta adrenergic agonists and cAMP have been suggested as regulators of leptin expression (25) . In our study, the decrease in serum leptin concentrations was not correlated to changes in body composition, EE, serum IGF-I or thyroid hormone concentrations, nor was it associated with changes in leptin mRNA levels. Previous studies have shown a strong correlation between leptin mRNA and serum leptin levels (26, 27) . One possible explanation for the lack of correlation between leptin mRNA and serum leptin concentrations in this study is that leptin mRNA levels were determined in subcutaneous adipose tissue, while the effect of GH on BF is most pronounced in visceral fat depots (11) . This is in line with a recent study demonstrating the site-specific regulation of leptin mRNA in adipose tissue by insulin infusion to rats. In that study, leptin mRNA was upregulated by insulin infusion in abdominal adipose tissue depots but not in subcutaneous ones (28) . Other potential mechanisms for the discrepancy between serum leptin concentrations and leptin mRNA levels in subcutaneous adipose tissue, such as the effects of GH on distribution volume of leptin, leptin clearance (29), or binding proteins (30),
have not yet been investigated. After 9 months of GH treatment BF had decreased by 9.2 Ϯ 2.4% (11) . During the same period serum leptin concentrations returned to pre-treatment levels. In addition, the stimulatory effect of GH on BMR and thyroid hormone deiodination declined and BMR and the free T 3 /free T 4 ratio were not different from pretreatment levels. In studies in which a decrease in BF has been obtained by low-calorie diets, plasma leptin concentrations (6), T 4 to T 3 deiodination (31) and EE (6) decrease. It has been suggested that these changes constitute mechanisms by which the body counteracts further BF loss. It has also been speculated that these changes could contribute to the strong tendency to gain weight after successful dieting (6) . In the present study, the effect of GH on BF mass was most pronounced during the first months of treatment, indicating that short-term treatment is sufficient if the only aim is a reduced BF mass. However, long-term treatment with GH resulted in a decrease in BF mass without long-term alterations in serum leptin concentrations, thyroid hormone deiodination or BMR. It is therefore possible that long-term treatment with GH would be beneficial since the reversal of the initial decrease in serum concentrations of leptin may be of importance for the ability to maintain the lower BF mass achieved during GH treatment. In addition, our finding that a large increase in serum leptin concentrations between 6 weeks and 9 months of GH treatment was associated with a smaller reduction in BMR enhance the ability to maintain the lower BF mass.
In conclusion, the present study has characterised the effects of GH treatment on serum leptin concentrations, BMR and thyroid hormones over a 9-month period. Short-term GH treatment decreased serum leptin concentrations and increased BMR and thyroid hormone deiodination. In spite of a clear long-term decrease in BF, serum leptin concentrations, EE and thyroid hormones returned to baseline values after 9 months of GH treatment. These long-term effects of GH on serum leptin, EE and thyroid hormones could be of importance for the maintenance of a lower BF mass.
